We report results of NMR experiments on a single crystal of the quasi one-dimensional frustrated magnet LiCuVO 4 . The NMR spectra of 7 Li and 51 V nuclei indicate a helical spin order in a magnetic field of 4 T with the helical spin plane perpendicular to the field and a spin-density-wave (SDW) order at 10 T with modulation in the magnitude of the moments aligned along the field, in agreement with earlier reports. The nuclear spin-lattice relaxation rate 1/T 1 at 51 V nuclei, which is selectively coupled to the transverse spin fluctuations perpendicular to the field, shows a pronounced peak near the helical ordering temperature in the field of 4 T applied along the a-axis. In the field of 10 T, however, such a peak is absent. Instead 1/T 1 at 7 Li nuclei probing longitudinal spin fluctuations shows divergent behavior towards the SDW ordering temperature. These results are qualitatively consistent with the theoretical description that the SDW correlation is due to bound magnon pairs, which produce an energy gap in the transverse spin excitation spectrum.
Introduction
Frustrating interactions and quantum fluctuations in low dimensional spin systems prevent conventional magnetic order and can lead to exotic ground states such as spin-liquids, 1) valence bond crystals, 1, 2) spin-nematic, or more generally, spin-multipolar ordered states. [3] [4] [5] [6] [7] [8] In magnetic fields, where the Zeeman interaction tends to align the spins and competes with quantum fluctuations and frustration, novel phases such as magnetization plateaus [9] [10] [11] are expected in the magnetization process.
In this respect, one-dimensional (1D) spin 1/2 systems with the ferromagnetic nearest neighbor interaction J 1 frustrating with the antiferromagnetic next-nearest neighbor interaction J 2 in a magnetic field h
provide a particularly interesting example,which has been extensively studied in recent theories. [6] [7] [8] [12] [13] [14] [15] [16] [17] The ground state of this model for classical spin chains has a helical magnetic order at zero magnetic field, which is destabilized by quantum fluctuations for spin 1/2. In finite fields, however, helical spin correlation in quantum systems leads to a long-range order of the vector-chirality defined as κ l (n) = s l × s l+n , (n = 1 or 2). As the field increases, dominant spin correlation changes due to formation of bound states of two or more magnons. This leads to a quasi-long-range order of a spin-density-wave (SDW) correlation s The quasi-long-range order in pure 1D systems can turn into a true long range order in real materials with interchain interactions. A large number of cuprate materials containing frustrated J 1 -J 2 chains have been known to date, of which the best studied example is LiCuVO 4 . [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] It has an orthorhombic crystal structure with the space group Imma 18) as shown in Fig. 1 (a) and contains chains of Cu 2+ (spin 1/2) formed by edge-sharing CuO 4 plaquettes. In this geometry, the nearest neighbor Cu ions are coupled by two Cu-O-Cu bonds with approximately 90
• bond angle, leading to a ferromagnetic interaction. In addition, a sizable antiferromagnetic superexchange is expected between the next-nearest neighbor Cu ions through two Cu-O-O-Cu paths. There are two such chains in an unit cell extending along the b-axis separated by (a + c)/2.
At zero field, LiCuVO 4 shows an incommensurate helical magnetic order below T N = 2.1 K with the magnetic scattering vector Q 0 = 2π(1, 0.468, 0) and magnetic moments lying in the ab-plane. 19) Previous NMR [20] [21] [22] and neutron diffraction experiments [23] [24] [25] revealed that the spin structure changes with magnetic field H. A spin flop transition occurs at H = 2.5 T, flipping the moments into the plane perpendicular to the field. Above 7 T a longitudinal SDW order is observed, where the moments are aligned parallel to the field with their magnitudes modulated along the chains. Furthermore, a magnetization curve shows an abrupt change of slope at 41 T (for H c) slightly below the saturation field of 45 T. 26) This may be a signature for a nematic order that breaks the spin rotational symmetry by spontaneous development of anisotropic spin correlation but preserves the time reversal symmetry. The exchange parameters were proposed as J 1 = −18.5 K and J 2 = 44 K based on the analysis of the spin wave dispersion at zero field. 27) However, they disagree strongly with the values J 1 = −182 K and J 2 = 91 K estimated by fitting the magnetic susceptibility data 31) and controversy still remains. Theories have proposed that the key element behind the SDW correlation in the model of Eq. (1) as well as in LiCuVO 4 is the bound state of magnon pairs stabilized by ferromagnetic J 1 . [13] [14] [15] This has direct consequences on the magnetization process, i.e. the magnetization changes by a step of ∆s z = 2, and on the relation between the SDW wave vector and the magnetization as was confirmed by neutron diffraction experiments on LiCuVO 4 . 24, 25) Furthermore, the low energy spin dynamics is fundamentally changed. At low fields, incommensurate transverse spin fluctuations are the dominant low energy excitations, leading to the helical order. At higher fields, however, an energy gap due to bound magnon pairs develops in the transverse spin excitations and makes the longitudinal fluctuations dominant, leading to the SDW order.
Direct observation of spin dynamics is thus important for microscopic understanding of the field-induced phase transitions in quasi 1D frustrated magnets. To our knowledge, however, systematic measurements of spin dynamics as a function of magnetic field has not been reported yet. The nuclear spinlattice relaxation rate 1/T 1 measured by nuclear magnetic resonance (NMR) experiments is a particularly powerful probe for such a purpose. Indeed, theories have made specific predictions on temperature and field dependences of 1/T 1 for the model in Eq. (1). 16, 17) In this paper, we report results of 7 Li and 51 V NMR experiments on a single crystal of LiCuVO 4 . The paper is organized as follows. Experimental details on sample synthesis and NMR measurements are described in Section 2. The 7 Li and 51 V NMR spectra in the paramagnetic, helical and SDW phases are presented in Section 3. The NMR spectra agree with the earlier results by Büttgen et al. 20, 21) Here we describe how one can deduce the spin structure from NMR spectra based on symmetry properties of hyperfine coupling tensors. In Section 4, we discuss the anisotropic spin fluctuations based on temperature and field dependences of 1/T 1 . First we present analysis of hyperfine form factors, which indicate that transverse spin fluctuations can be effectively probed by 51 V nuclei, while longitudinal fluctuations are better probed by 7 Li nuclei. At H = 4 T, where the ground state has a helical order, the transverse fluctuations are dominant, making 1/T 1 at V sites diverge towards T N . On the other hand, at H = 10 T, where the ground state has a SDW order, contribution from the transverse fluctuations to 1/T 1 at V sites decreases with decreasing temperature without any anomaly at T N . Instead 1/T 1 at Li sites shows a pronounced peak at 1/T 1 due to the longitudinal fluctuations. These results are qualitatively consistent with the theoretical predictions. 17) Conclusions are presented in Section 5.
Experiments
Single crystals of LiCuVO 4 were grown by a flux method using LiCuVO 4 , LiVO 3 and LiCl as starting materials. 28, 29) Powder samples of LiCuVO 4 and LiVO 3 were synthesized by solid-state reaction: Li 2 CO 3 (5N), V 2 O 5 (4N) and CuO (5N) were mixed in a stoichiometric ratio, pelletized and then sintered at 550
• C for 96 -144 hours with an intermediate grinding. For growth of single crystals, LiCuVO 4 , LiVO 3 and LiCl (4N) were mixed in a molar ratio of 0.25 : 0.40 : 0.35. The mixture was melt at 600
• C and then slowly cooled down to 500
• C in 100 hours. Single crystals were separated from the solidified melt by washing the melt in hot water. Crashed powders of single crystals were confirmed to be in a single phase by powder X-ray diffraction measurements. Crystal axes were determined by using an imaging plate diffractometer in a oscillation mode. The magnetic susceptibility was measured by a SQUID magnetometer in a magnetic field of 4 T.
NMR measurements for 7 Li and 51 V nuclei were performed on a single crystal with the size 1.0 × 1.2 × 0.5 mm 3 using the spin echo technique. The Li atoms occupy the 4d sites located at the center of the octahedra connecting two CuO 2 chains displaced by (a + c) /2. The V atoms occupy the 4e sites at the center of the tetrahedra connecting two chains displaced by a. The local symmetries of these sites are also shown in Fig. 1(b) . In the paramagnetic state above 6 K, NMR spectra of both 7 Li and 51 V nuclei were obtained by Fourier transforming the spin echo signals at a single rf-frequency. The fundamental parameters of 7 Li and 51 V nuclei, the nuclear spin I, the gyromagnetic ratio γ N , and the nuclear quadrupole moment Q, are listed in Table I .
Typical NMR spectra in the paramagnetic state are shown in Fig. 2(b) . When the magnetic field is applied along the crystalline a-, b-or c-axis, all Li or V atoms become equivalent. The NMR spectra then consist of seven peaks for 51 V and three peaks for 7 Li, which are split by the nuclear quadrupole interaction. The quadrupole splitting ν αα (α = a, b, or c), that is the interval between neighboring peaks, is related to the diagonal components of the electric field gradient (EFG) tensor 7 Li and 51 V NMR spectra in the paramagnetic state. The magnetic shift K is determined from the central peak of the quadrupole split spectra indicated by the arrows, except that the shift of 7 Li nuclei for H c is determined from the center of gravity of the whole spectra.
where h is the Planck constant. The values of ν αα are listed in Table I . For the V sites, the crystalline a-, b-and c-axes are the principal axes of the EFG tensor, therefore, the quadrupole splitting takes extremal (minimum or maximum) values along these direction. This situation allows us to precisely orient the crystal in the magnetic field by using a double-axis goniometer. For the Li sites, while the b-axis is one of the principal axes of EFG, the directions of two other principal axes in the ac-plane remain unknown. Magnetic shifts of 7 Li and 51 V nuclei were determined from the peak frequency of the central line except for 7 Li with H c, where the magnetic shift was determined from the center of gravity of the whole spectra since the quadrupole splitting is too small to be resolved clearly.
Below 6 K, the NMR spectra of both 7 Li and 51 V nuclei become so broad that rf-pulses at a single frequency do not provide sufficient band width. The 51 V spectra were then obtained by sweeping the magnetic field with a fixed rffrequency and the spin-echo intensity was recorded as a function of the magnetic field. The 7 Li spectra, on the other hand, were obtained by summing the Fourier transform of the spin echo signal obtained at different frequencies with a fixed magnetic field.
The inversion-recovery method was used for the measurement of 1/T 1 . We determined 1/T 1 by fitting the spin-echo intensity M(t) as a function of the time t after the inversion 
where β is the stretch exponent that provides a measure of inhomogeneous distribution of 1/T 1 . When β = 1 Eq. (3) reduces to a single exponential function corresponding to homogeneous relaxation. Near or below T N , 1/T 1 was measured at the center of the broad NMR spectra.
NMR spectra

Paramagnetic state
The magnetic shifts K for 7 Li and 51 V nuclei in the paramagnetic state were measured as a function of temperature in the magnetic field of 4 T. The magnetic shift K is defined as the difference between the local magnetic field H loc acting on a nucleus and the external magnetic field H ext normalized by H ext ,
The value of K is experimentally determined by substituting H loc = ω/γ N for Eq. (4), where ω is a resonance frequency and γ N is a nuclear gyromagnetic ratio. The local magnetic field H loc is given by the sum of the external field H ext , the Lorentz field H Loz , the demagnetization field H dem , and the hyperfine field H hf produced by electronic moments as
where N is a demagnetization tensor, M is magnetization per mole, N A is the Avogadro number, µ B is the Bohr magnetron and v is volume per formula unit. C tr and C dip are the hyperfine coupling tensors due to transferred hyperfine and dipolar interactions, respectively. In the paramagnetic state, M = χ · H ext , where χ is the susceptibility tensor. Therefore,
where the shift tensor K is given by
The value of the shift defined in Eq. (4) under the field along the i-axis (i = a, b, c) is given by the diagonal component K ii of the shift tensor in Eq. (6) . Since χ is diagonal in the coordinate system of crystalline axes, we obtain
where
ii are the diagonal components of N, C tr and C dip , respectively. Here, C ii can be experimentally determined by measuring both the magnetic shift K ii and the magnetic susceptibility χ ii . Figure 2 (a) shows the K − χ plots for 7 Li and 51 V nuclei with linear fits indicated by the solid lines. The slope determines the values of C ii and the intersection is related to the temperature-independent van Vleck (orbital) contribution to K and χ. The values of C ii are listed in Table II . We also show the values of C dip ii obtained by the lattice-sum calculation. While C ii for 51 V is an order of magnitude larger than C dip ii , indicating that the dominant contribution comes from the transferred hyperfine couping C tr ii , this is not the case for 7 Li. In order to determine C tr ii , we subtract contributions from the demagnetization and dipolar fields from the experimental values of C ii . The diagonal components of the demagnetization tensor N ii are estimated by approximating the sample shape with a spheroid. 32) In Table II , we also show
The C tr ii for 7 Li nuclei is much smaller than C dip ii and should be neglected, considering the errors involved in the estimation of N ii . Therefore, we conclude that only dipolar interactions contribute to the coupling tensor of 7 Li nuclei. This is reasonable since light elements such as Li usually have small covalency with magnetic ions. For 51 V nuclei, C tr ii is much larger than C dip ii for all directions, which ensures that the dominant source of hyperfine field is the short ranged transferred hyperfine interactions.
Helical state
NMR spectra of 7 Li and 51 V nuclei in the magnetic field of 4 T are shown as black solid curves in Fig. 3 (a-c) and (d-f) at various temperatures. Here the frequency-swept 7 Li spectra and the field-swept 51 V spectra are converted as a function of the hyperfine field by the following relation,
At both sites, a sharp single NMR line at high temperatures changes to broad spectra at low temperatures, indicating a magnetic ordering transition near 2 K. The change of the NMR spectral shape is particularly pronounced at the 7 Li sites. The spectra at low temperatures have a clear doublehorn type line shape, which is characteristic of an incommensurate helical or SDW order. The transition temperatures are indicated by the vertical bars in Fig. 3 (a-f) denoted T N , at which the 7 Li line shape changes most rapidly. They agree with those determined in the previous NMR measurement. 20) From the previous NMR and neutron diffraction experiments, a helical spin structure was concluded where magnetic moments lie perpendicular to the magnetic field. 20, 23, 24) Magnitude of the magnetic moment and the ordering wave vector are determined by the neutron experiments as µ = 0.31µ B and Q 0 = 2π(1, 0.468, 0). 23, 24) In this section, we analyze details of the NMR spectra based on the local symmetry of the probing nuclei. 33) 
3.2.1
7 Li nuclei We now discuss how one can understand line shapes of the NMR line shape qualitatively from the symmetry of the hyperfine interaction. Figure 1 (b) shows the configuration of Cu spins around one Li nucleus. The hyperfine field H hf at a 7 Li nucleus produced by the surrounding electron spins S(r i ) located at the Cu site r i can be expressed as
where A(r i ) is the hyperfine coupling tensor between the nucleus and S(r i ). The g is the g tensor
Using the Fourier components of the coupling tensor and the electron spins ii : the dipolar coupling calculated by lattice sum within a sphere with the radius of 60 Å. C tr ii : the contribution from the transferred hyperfine interactions estimated from Eq. (9) . A (1) ii : The hyperfine coupling to a nearest neighbors spin including both the transferred hyperfine and the dipolar contributions. 7 Li the hyperfine field is rewritten as
where N is the number of Cu spins in the system. Let us first consider the coupling tensor A (1) (r i ) (i = 1 − 4) between the 7 Li nucleus and the four nearest neighbor Cu spins shown in Fig. 1(b) . We write A
(1) (r 1 ), the coupling to the spin on Cu1, as
The coupling tensors to other spins A (1) (r i ) (i = 2, 3, 4) can be derived by applying symmetry operations that leave the Li site invariant. For example, the Li site is on the mirror plane perpendicular to the b-axis. Since the Cu1 site is transformed to Cu2 by the reflection with respect to this plane, A (1) (r 2 ) is given by
Similarly, by considering a twofold rotation with respect to the b-axis, which transforms Cu1 to Cu3 and Cu2 to Cu4, we obtain A (1) (r 3 ) = A (1) (r 2 ) and A (1) (r 4 ) = A (1) (r 2 ). Therefore, the contribution from the four nearest neighbor spins to the Fourier components of the coupling tensor is expressed as
where the phase factors Θ 
In the paramagnetic state the moments are uniform and its Fourier component is given as S(q) = √ N S 0 δ(q). Then from Eqs. (14), (17) , and (18), we obtain
The contribution from the second and further neighbor spins can be added in a straight forward way since one 7 Li nucleus always has four n-th neighbor spins at an equal distance, which are related by the same symmetry operations. The contribution from distant spins can be included by replacing A (1) ii
ii , where A (n) is the hyperfine coupling tensor to the n-th neighbor sites. The K − χ linear relation is obtained by rewriting S 0 in Eq. (19) by the susceptibility as χ = Ngµ B S 0 /H ext . From Eq. (8), we obtain
Similar discussion can be applied to the helically ordered phase with the magnetic wave vector Q 0 . The Fourier components of spins in the helical phase (and also in the SDW phase) are described as S(q) = √ N( S Q δ(q−Q 0 )+ S Q * δ(q+Q 0 )). One 7 Li nucleus has four nearest neighbor Cu spins located on two chains separated by (a + c)/2, which are antiferromagnetically coupled, S 1 = − S 3 , S 2 = − S 4 , since Q 0a = 2π. Therefore, one of the phase factor is canceled out, Θ
1 (Q 0 ) = 0, and the hyperfine field is expressed as
(21) This selection rule obtained from symmetry properties does not change by taking into account contribution from distant spins. Here we can consider contribution from four nth neighbor Cu spins (n ≥ 2) and define the phase factors Θ 
Since antiferromagnetic coupling between two neighboring CuO 2 chains leads to the cancellation Θ
1 (Q 0 ) = 0, the hyperfine field from the second neighbors has the same selection rule as Eq. (21) .
The result in Eq. (21) indicates that the a-component of the ordered moment produces a hyperfine field along the bdirection. Likewise, the b-and c-components of the ordered moment produce hyperfine fields in the ac-plane and along the b-direction, respectively. Since the external field is much larger than the hyperfine field (H ext ≫ H hf ), only the component of H hf parallel to H ext affects the NMR line shape. The double-horn line shape of the 7 Li NMR spectra for H a at low temperatures shown in Fig. 3(a) , therefore, indicates that the b-component of the ordered moments must have incommensurate modulation. Similarly, the double-horn spectra for H b and H c must be caused by incommensurate modulation of the spins in the ac-plane and along the b-direction, respectively. All these observations are consistent with a helical order within the plane perpendicular to the field at 4 T as concluded from previous experiments. 20, 23, 24) In order to estimate the magnitude of the helical order, we performed simulation of the 7 Li NMR spectra as follows. First a histogram of hyperfine field was constructed by calculating the dipolar field from helically ordered spins lying in the plane perpendicular to the field within a sphere with the radius of 20 Å. The histogram is then convoluted with a Gaussian representing broadening due to various imperfections. The simulated curves are shown by the red dashed lines and the Gaussian is indicated by the red solid lines in Fig. 3(a-c) . The simulated curves reproduce the observed spectra at the lowest temperatures quite well. The magnitude of the helical moment is estimated as 0.25 µ B (H a) and 0.34 µ B (H b and H c) , indicating small spin anisotropy.
3.2.2
51 V nuclei Now we discuss the 51 V NMR spectra at 4 T. The configuration of nearest neighbor Cu spins around a V nucleus is illustrated in Fig. 1(b) . We use the same definition Eq. (15) for the hyperfine coupling tensor A (1) (r 1 ) between the 51 V nucleus and the spin at Cu1 site. By considering the mirror operation with respect to the ac-plane, which transforms Cu1 to Cu2, we obtain
The mirror operation with respect to the bc-plane or the twofold rotation around the c-axis lead to the following form of the hyperfine coupling to Cu3 and Cu4,
respectively. The Fourier transform of the coupling tensor is then written as
Here we define the phase factors θ 
Similar to the case of 7 Li, it is straightforward to include the dipolar fields from second and further neighbor spins. In the paramagnetic state, only the diagonal components of Eq. (25) are non-zero. The diagonal components n A (n) ii and the slope of the K − χ plots C i /Nµ B are related by Eq. (20) .
In the helically ordered state, the magnetic wave vector in the ordered phase is again defined as Q 0 . One 51 V nucleus has four nearest neighbor Cu spins located on two chains separated by a, which are ferromagnetically coupled, ( S 1 = S 3 , S 2 = S 4 ). This leads to the cancellation of the phase factors, θ 
(27) This selection rule derived from symmetry properties does not change by including contribution from further neighbor spins, similar to the case of 7 Li nuclei. Equation (27) indicates that for H a, only the acomponent of the ordered moment affects the 51 V NMR spectrum. Therefore, a helical order perpendicular to the field should not cause broadening of the NMR line. The experimental 51 V NMR spectrum for H a shown in Fig. 3(d) exhibits a Gaussian-like shape at the lowest temperature, which is much broader than the spectrum at 6 K. This broadening cannot be due to incommensurate modulation of the acomponent, since such modulation should result in a well defined double horn structure. The absence of modulation of the a-component revealed by 51 V NMR and its presence for the b-component indicated by 7 Li NMR uniquely point to a helical order at 4 T. The Gaussian broadening in the experimental spectrum suggests certain randomness in the interchain order, which results in incomplete cancellation of the phase factors. This is likely to be caused by some disorder such as deficiencies of 7 Li ions. Furthermore, Fig. 3(d) shows interesting behavior near T N that the spectrum has a flat topped line shape resembling a double horn structure and is broader than the spectrum at the lowest temperature. This indicates that the interchain correlation near T N is weaker compared with the correlation well below T N .
For H b and H c, broadening of the NMR spectrum can be caused not only by modulation of the longitudinal (parallel to the field) component but also by modulation of the transverse (perpendicular to the field) component due to finite offdiagonal element in Eq. (27) . Since anisotropy of magnetic interactions is expected to be small for a spin 1/2 system, it is reasonable to assume a helical order for H b and for H c. The double horn spectrum for H b (Fig. 3e) should then be ascribed to the modulation of the c-component of the moment. We have performed simulation of the 51 V NMR spectrum assuming the helical structure with the same magnitude of moment estimated from the analysis of the 7 Li spectra, 0.25 µ B for H a and 0.34 µ B for H b, c. In the simulation, both the transferred hyperfine field from the nearest neighbor spins and the dipolar field from all spins within a sphere with the radius of 20 Å are taken into account, using the off-diagonal component A (1) bc of the transferred hyperfine coupling tensor as a adjustable parameter. The best results are shown by the red dashed curves in Fig. 3(e,f) . The Gaussian line shape used for the convolution are also shown by the red solid curves. The off-diagonal component is estimated to be A (1) bc = 0.12 ± 0.02 T/µ B . In this analysis, the 51 V spectra for H b and H c should have nearly identical line shape. However, the experimental spectra are different: a clear double horn structure is observed only for H b. The difference cannot be explained by incomplete interchain ordering and the reason is still not understood.
Concluding this subsection, analysis of the 7 Li NMR spectra at 4 T has lead us to conclude an incommensurate order with transverse spin modulation for all field direction. The 51 V NMR spectra for H a has provided further constraint that the longitudinal component does not show incommensurate modulation, pointing uniquely to a helical order. Our conclusion is consistent with the results of the previous neutron diffraction and NMR experiments. 20, 23, 24) 
SDW state
NMR spectra in the magnetic field of 10 T are shown in Fig. 4 . The magnetic transition temperature T N is determined by inspecting the change of the 51 V NMR line shape from a double-horn structure below T N to a single-peak structure above T N . The values of T N at 10 T thus determined are slightly lower than those reported by previous NMR study. 22) A collinear SDW order has been concluded by the previous NMR [20] [21] [22] and neutron diffraction experiments. 24, 25) The magnetic structure for H c is illustrated by the arrows in Fig. 1(a) . Longitudinal spin component has incommensu- rate modulation along the chain, while the transverse components do not exhibit any ordering. Spins on neighboring CuO 2 chains are coupled antiferromagnetically in the SDW phase as well as in the helical phase. The previous studies suggested that interchain correlation is weak and only short range correlation develops along the c-direction. 22, 25) 3.3.1 7 Li nuclei We apply the same analysis as have been done in the helical phase to the NMR spectra in the SDW phase. The magnetic wave vector in the SDW phase is described as Q 0 = 2π (1, q b , 0) , where q b decreases as the magnetization increases. 24, 25) We can use the same form of the hyperfine coupling tensor in Eq. (21) at 10 T since spin chains order antiferromagnetically (Q 0a = 2π) in both the helical and SDW phases. For example, only the b-component of spins influences the 7 Li line shape for H a. The 7 Li NMR spectra in Fig. 4(a) show a single-peaked structure with no shift nor broadening down to the lowest temperature. Therefore, we conclude that the b-component of the ordered moment is zero. The NMR spectra for H b and H c shown in Fig. 4(b) and (c) also have a single peaked structure at low temperatures, indicating the absence of the transverse spin components consistent with the SDW order. However, the spectra for H b and H c are much broader than the spectrum for H a below T N .
The broad line shape of the spectra for H b and H c can be explained by short range interchain correlation along the c-direction. The red dashed curves in Fig. 4 show simulated spectra for the SDW state with incomplete interchain ordering, which is obtained as follows. We first assume complete ferromagnetic correlation for two chains neighboring along the a-directions. The magnitude of the SDW modulation is determined from the 51 V NMR spectra as described below. The short range correlation is modeled by a Gaussian distribution in the relative phase of the SDW order for the two neighboring layers displaced by c/2. The experimental line shape is well explained by this model when the standard deviation of this phase distribution is 2π × 0.16. This phase randomness corresponds to the spin correlation length equal to the unit cell length along the c-direction. Our analysis is consistent with the observation reported in the earlier NMR and neutron experiments. 22, 25) 
3.3.2
51 V nuclei The 51 V NMR spectra at 10 T shown in Fig. 4(d-f) exhibit well defined double horn structure. We can apply the same analysis as was done for the spectra at 4 T. The hyperfine field is expressed again by Eq. (27) . Since only the a-component of the ordered moment affects the spectra for H a, the double-horn line shape for H a indicates the modulation of the longitudinal component. For H b and H c, both the transverse and longitudinal spin components contribute to the broadening. However, the transverse modulation has been already ruled out from the analysis of the 7 Li NMR spectra. Therefore, our results uniquely point to the incommensurate SDW order with longitudinal modulation for all field directions.
Simulated NMR spectra in the SDW phase are shown by the red dashed curves in Fig. 4(d-f) . These are obtained by convolving the calculated histogram of the hyperfine field with a Gaussian broadening functions, which are shown by the red solid curves. We have succeeded to reproduce the experimental spectra at the lowest temperature quite well by assuming the following spin structure, M a = (0. 30)
The width of the Gaussians is nearly same as the width of the spectra at 6 K. This width, however, is broader that the overall quadrupole splitting, indicating that it is dominated by magnetic inhomogeneity. Also the spectra in the paramagnetic phase near T N is much broader than the Gaussian used for convolution, indicating enhanced effects of disorder near T N . We have also examined how the line shape is influenced by the incomplete interchain ordering. Compared with the case of 7 Li spectra, however, interchain randomness does not influence the 51 V spectra strongly. Figure 5 shows the variation of 7 Li NMR spectra across the transition between the helical and SDW states. By comparing these NMR spectra with the ones at 4 T and 10 T, we can conclude that the ground state has a helical order below 6.2 T and the SDW order above 6.6 T. The line shape changes rapidly between 6.2 T and 6.6 T. The sharp magnetic transition is consistent with that observed in the magnetization curve at 1.3 K. 26) In a narrow field range of 6.4 -6.5 T, the NMR spectra indicate coexistence of two phases, while no clear hysteresis with respect to the magnetic field was observed. These results indicate that the magnetic transition between the helical and the SDW phases is weakly first-order, as is generally expected from distinct symmetries of the two phases. In the previous neutron diffraction experiments, coexistence of the Bragg peaks from two phases was observed at much higher field of 7.8 T 25) and in a wider field range 8.5 -9 T. 24) The sample dependence in the transition behavior may be related to the amount of disorder such as Li-deficiency.
Transition between the helical and SDW states
Spin lattice relaxation rate 1/T 1
In this section, we present the results of nuclear spin-lattice relaxation rate 1/T 1 at both 7 Li and 51 V nuclei and quantitatively discuss the anisotropic spin fluctuations. A general formula of 1/T 1 is given as
where ω is the NMR frequency, indicates the thermal average, and {A, B} ≡ (AB + BA)/2. The transverse components of hyperfine field is defined as
where µ and ν denote the two orthogonal directions perpendicular to the magnetic field. By substituting Eq. (14) representing the hyperfine field in terms of the Fourier components of spins into Eq, (28), 1/T 1 for the field along the ξ-direction, 1
where the dynamical spin correlation function S µν (q, ω) is defined as
and the following relation ensured by the crystal symmetry is used,
The relaxation rate 1/T 1 of 7 Li nuclei and 51 V nuclei is plotted against temperature in Fig. 6(a-c) and (d-f) , respectively. As a general trend, 1/T 1 shows a peak near T N due to slowing down of the spin fluctuations towards the spin order. Here the ordering temperature T N is determined from the variation of the 7 Li NMR spectrum at 4 T and of the 51 V NMR spectrum at 10 T. At 10 T, the peak temperature of 1/T 1 for 7 Li is lower than T N while the peak of 1/T 1 coincides with T N for 51 V. The reason is not understood. The temperature dependence of the stretch exponent β is also shown in the inset of Fig. 6 . Recovery curves are fit well to the single exponential function above T N , while we had to use stretched exponential function below T N . This is likely to be caused by spatial distribution of 1/T 1 due to the incommensurate spin ordering below T N .
The peak of 1/T 1 near T N extends over a wide temperature range. The increase of 1/T 1 starts as high as 20 K, which is an order of magnitude higher than T N . Such a wide temperature range of short range correlation is often ascribed to 1D fluctuations, which are described in the framework of TomonagaLuttinger (TL) liquid. In fact, theories have predicted power law temperature dependence for 1/T 1 in 1D frustrated chains with the exponent determined by the TL parameters. 16, 17) However, it is difficult for the data shown in Fig. 6 to find a wide enough temperature range, over which the power law behavior can be established. It is likely that the interchain interaction in LiCuVO 4 is not sufficiently weak. Hence we do not attempt to analyze the 1/T 1 data in terms of TL liquids.
1/T 1 of
7 Li nuclei Although 1/T 1 of 7 Li nuclei always shows a peak near T N , the magnitude of the peak is strongly anisotropic and the anisotropy changes with magnetic field. At 4 T, where the helical order appears at low temperatures, the peak is most pronounced for H a. However, the peak is weakest for H a at 10 T, where the SDW order is stabilized. In order to understand such field dependent anisotropy, we present semiquantitative analysis of 1/T 1 .
In the following discussion, we focus on the values of 1/T 1 at T N , where the spin fluctuations should be strongly enhanced only in a very narrow region in q-space around the ordering wave vector Q 0 . Then the q-dependent hyperfine coupling constants in Eq. (30) can be replaced by their values at Q 0 and taken out of the q-sum. What remains is the average of the spin correlation function over q, which we denote S (q, ω) . It is dominated by the sharp peak of S (q, ω) at Q 0 .
As indicated in Eq. (21), certain components of the hyperfine coupling tensor of 7 Li nuclei vanish at Q 0 for symmetry reasons. This selection rule remains valid when the long range dipolar interaction is taken into account. Hence,
The general expression Eq. (30) can then be simplified for 7 Li nuclei as
Here S ⊥ (q, ω) and S (q, ω) stand for the transverse and longitudinal spin correlation functions with respect to the field. For the case of H a, for example, S ⊥ (q, ω) = S bb (q, ω) = S cc (q, ω) and S (q, ω) = S aa (q, ω) . Since anisotropic response of a spin 1/2 Heisenberg system such as LiCuVO 4 is supposed to be caused solely by external magnetic field, S ⊥ (q, ω) and S (q, ω) should not depend on the field direction except for minor effects due to anisotropy of the g-value. We assume this in the following, i.e. S aa (q, ω) and S bb (Q 0 , ω) = S cc (q, ω) for H a are equal to S bb (q, ω) and S cc (q, ω) = S aa (q, ω) for H b, respectively, and also equal to S cc (q, ω) and S aa (q, ω) = S bb (q, ω) for H c. Then the relaxation rate for different field directions can be expressed in a unified way,
where the definitions of the coefficients Γ Table III . They are calculated as follows. First, since the hyperfine field at 7 Li nuclei is solely due to the dipolar interaction, the values of the tensor components A µν in Eq. (33) can be calculated by lattice sum within a sphere with the radius of 60 Å from a 7 Li nucleus. The ordering wave vector Q 0 in the helical phase does not change with field, therefore, we can use the zero field value Q 0 = 2π(1, 0.468, 0) at 4 T for all field directions. In the SDW phase, the incommensurate wave vector along the chain is related to the magnetization by q b = π(1/2 − S z ), as was confirmed by the neutron diffraction experiments. 24, 25) Then we can determine Q 0 at 10 T from the magnetization data as Q 0 = 2π(1, 0.442, 0) (H a and b) and Q 0 = 2π(1, 0.435, 0) (H c). The diagonal components of g-tensor were determined by the electronic spin resonance measurements 30) as g aa = 2.070, g bb = 2.095 and g cc = 2.313.
The experimental data of 1/T 1 of 7 Li nuclei at T N are also listed in Table III (Fig. 6b) shows a clear peak near T N . This indicates that the longitudi-nal spin fluctuations grow with decreasing temperature even at 4 T, where the transverse helical order is eventually stabilized. The peak in 1/T 1 increases only slightly when the field is increased from 4 to 10 T, indicating, rather unexpectedly, that the longitudinal fluctuations are not enhanced much at 10 T even though they do correspond to the order parameter at low temperatures. Since (1/T 1 ) b = Γ b S (q, ω) for H b we can immediately evaluate S (q, ω) from the experimental data of (1/T 1 ) b , which is plotted in Fig. 7 by the open circles.
We should remark that our analysis is based on somewhat oversimplified assumptions. In particular, spin correlation is assumed to have very sharp peak at Q 0 . Although we expect the peak to be sharp along the chain (b-direction), this may not be so along the c-direction. In fact, the analysis of the 7 Li NMR spectrum at 10 T indicates that antiferromagnetic correlation between two nearest neighbor chains are only about 60 %. Therefore, we expect that our analysis of 1/T 1 has at most semi-quantitative validity.
51 V nuclei The temperature dependence of 1/T 1 of 51 V nuclei shows most spectacular change of behavior with magnetic field for H a as shown in Fig. 6(d) . At 4 T, (1/T 1 ) a exhibits strong enhancement with decreasing temperature over a wide temperature range above T N followed by a pronounced peak near T N . At 10 T, on the other hand, it keeps decreasing with decreasing temperature starting far above T N and no peak nor anomaly can be detected near T N . In fact, the data at 10 T can be fitted to an exponential temperature dependence with the activation energy of 1.8 K, suggesting an energy gap in the spin excitation spectrum. For other field directions, 1/T 1 shows a peak near T N at 10 T, although it is much weaker than the peak at 4 T. In order to understand such behavior, we perform similar semi-quantitative analysis as was done for 7 Li nuclei.
For 51 V nuclei, the transferred hyperfine field from nearest neighbor spins is an order of magnitude larger than the dipolar field from further neighbors. Therefore, it is sufficient for quantitative analysis of 1/T 1 to consider the hyperfine coupling to the four nearest neighbor spins. Following the same approximation as was assumed for the analysis of 7 Li results, the hyperfine coupling tensor at Q 0 is given by
and 1/T 1 is given as
which can be expressed in the same formula of Eq. (35) as in the case of 7 Li nuclei. The values of the coefficients Γ These observations go parallel with the results on 7 Li nuclei and indicate crossover of the dominant spin fluctuations from transverse to longitudinal modes as the ground state changes from helical to SDW states with magnetic field.
We notice from Eq. (37) that only the transverse spin fluctuations contribute to 1/T 1 at 51 V site for H a. Therefore, the results in Fig. 6(d) demonstrate remarkably contrasting behavior of low frequency transverse spin dynamics. In particular, the activated temperature dependence of 1/T 1 at 10 T provides a direct evidence for an energy gap in the transverse spin excitation spectrum. This is consistent with the theoretical prediction that bound magnon pairs are formed in the field range where the SDW correlation becomes dominant over the helical correlation. [13] [14] [15] From the experimental data of 1/T 1 for H a we can evaluate S ⊥ (q, ω) at T N as plotted in Fig. 7 by the solid circles. Again this demonstrates strong suppression of the transverse spin fluctuations as the field increases across the boundary between the helical and SDW phases.
Field dependence of anisotropic spin fluctuations
Based on the symmetry properties of hyperfine interaction at 7 Li and 51 V nuclei we have succeeded to separately determine the transverse and longitudinal spin fluctuations, S ⊥ (q, ω) and S (q, ω) , using the experimental data of 1/T 1 as shown in Fig. 7 . At 4 T S ⊥ (q, ω) is much larger than S (q, ω) , while opposite result S (q, ω) ≫ S ⊥ (q, ω) is obtained at 10 T. This change of the behavior is naturally understood if one consider the magnetic ordering in the ground DRAFT Table III . Coefficients for the contributions from transverse (Γ ⊥ ξ ) and longitudinal (Γ ξ ) spin fluctuations to 1/T 1 . Also the experimental values of the spin-relaxation rate ((1/T 1 ) exp,ξ ) are compared with the calculated values ((1/T 1 ) cal,ξ ) as described in the text. At 4 T (10 T), the anisotropy of (1/T 1 ) exp is largely in agreement with the anisotropy of Γ ⊥ (Γ ) as indicated by the numbers in bold face. states. The helical and SDW states appear at 4 T and 10 T, respectively, and fluctuations of the order parameter are expected to be dominant near T N , consistent with the observation.
What is remarkable though is the pronounced asymmetry in the field dependence of S ⊥ (q, ω) and S (q, ω) . The longitudinal fluctuation S (q, ω) is enhanced only slightly when the ground state changes from helical to SDW states. On the other hand, the transverse fluctuation S ⊥ (q, ω) is suppressed very strongly (by a factor of 40) when the field is increased form 4 to 10 T. Thus we conclude that the transition from the helical to the SDW phase is driven by the suppression of the transverse spin correlation, not by the enhancement of the longitudinal correlation.
This conclusion is further reinforced by examining the temperature dependence of S (q, ω) and S ⊥ (q, ω) , which are best represented by 1/T 1 at 7 Li sites for H b (Fig. 6b ) and 1/T 1 at 51 V sites for H a (Fig. 6d) , respectively. Figure 6 (b) shows that the magnitude and the temperature dependence of S (q, ω) in the paramagnetic state is nearly unchanged at 4 and 10 T. It show a clear peak near T N at both fields, indicating growth of longitudinal spin correlation at low temperatures. This correlation does not lead to a long range SDW order at 4 T because it is overcome by stronger transverse correlation, which drives the helical order. On the other hand, S ⊥ (q, ω) shown in Fig. 6(d) shows remarkably contrasting behavior at 4 and 10 T. While it shows a strong divergence towards T N consistent with the long range helical order, it is strongly suppressed at low temperatures at 10 T with an activated temperature dependence 1/T 1 ∝ exp(−∆/k B T ) with the gap ∆ = 1.8 K. Such behavior is consistent with theoretical studies on the quasi 1D frustrated chains. [13] [14] [15] The theories show that the transverse fluctuations are the dominant low energy excitations at low fields, where the long-range order of the vector-chirality occurs. At high fields, on the other hand, they are expected to develop an energy gap due to formation of the bound magnon pairs. This leads to the activated temperature dependence of 1/T 1 as predicted by Sato et al. 17) Our results demonstrate that such behavior predicted by the theories are actually observed in LiCuVO 4 .
By using Eq. (35) and the estimated values of S ⊥ (q, ω) and S (q, ω) , we can calculate 1/T 1 at 4 and 10 T for all field directions. The calculated values are listed in Table  III as (1/T 1 ) cal and compared with the experimental results (1/T 1 ) exp . The agreement is excellent for the data at 10 T. Although quantitative agreement is not as good at 4 T, the calculated values (1/T 1 ) cal capture correctly the the anisotropy of (1/T 1 ) exp . We think the results are satisfactory, considering the crudeness of the assumption involved. In particular, the crystalline anisotropy, i.e. dependence of S ⊥ (q, ω) and S (q, ω) on the direction of magnetic field, may not be negligible at low fields near the spin flop transition and could be significant near T N , where S ⊥ (q, ω) and S (q, ω) change very steeply with temperature.
Conclusion
We have measured NMR spectra and 1/T 1 at the 7 Li and 51 V nuclei in the quasi 1D frustrated magnet LiCuVO 4 . Analysis of NMR spectra based on the symmetry properties of the hyperfine interactions leads us to conclude that a helically ordered phase appears in the magnetic field of 4 T and that a SDW phase with longitudinal modulation appears in the magnetic field of 10 T. Results of 1/T 1 in the paramagnetic phase near T N indicate that dominant low energy spin excitations change with magnetic field. The transverse fluctuations are dominant at 4 T corresponding to the helical order in the ground state. However, they are suppressed at 10 T due to development of an energy gap and overcome by the longitudi-
